blastomeres are predominantly fated to become mesoderm and endoderm [8] (Figure 1a ). The fate of blastomeres, monitored using fluorescein-dextran or lacZ RNA coupled to a sequence encoding a nuclear localisation signal (NLS-lacZ) as lineage tracers, was altered by expression of TARAM-A* (0.6 pg RNA injected; Figure 1b) . In 1 day old The distribution of fluorescein-positive cells was analysed either by (h) epifluorescence or (g) after photoconversion of fluorescein (brown). The staining of blood cells is due to an endogenous peroxidase activity. In (a,b), anterior is to the left, dorsal to the top; in (d-h), dorsal is to the top. Abbreviations: b, air bladder; En, endoderm; g, gut; n, notochord; nt, neural tube; p, pancreas; Ph, pharynx; so, somites; y, yolk. derived from Kupffer's vesicle, a teleost-specific endodermal structure [9] , and a layer of cells (Figure 1b , white arrowhead) contacting the yolk (see also Figure 1d -f) beneath the head and trunk. TARAM-A*-expressing cells within this latter population expressed the endodermal marker axl [5] (Figure 1d ). They contributed to endodermal derivatives at 3 days of development, including the pharyngeal epithelium (Figure 1g, arrowhead) , the air bladder and gut structures such as pancreas, intestine ( Figure 1h ) and liver (data not shown). In contrast to blastomeres injected with NLS-lacZ RNA alone, TARAM-A*-injected blastomeres did not detectably contribute to mesoderm, with the exception of occasional notochordal cells.
The change in fate induced by TARAM-A* expression appeared specific to an activated TARAM-A pathway; it was not observed upon expression of non-activated TARAM-A or a constitutively active bone morphogenic protein (BMP) type I receptor. TARAM-A* expression also very efficiently diverted central blastomeres (Figure 1c , grey) from a predominantly ectodermal to an endodermal fate (data not shown). Thus, activated TARAM-A diverted blastomeres to an endodermal fate in a dominant fashion.
TARAM-A*-expressing cells behaved like endoderm during gastrulation
Zebrafish embryos initiate gastrulation as an inverted cup of cells, the blastoderm, expanding over a spherical yolk syncytium [10] . Endoderm originates from a ring of blastomeres at the very blastoderm margin, whereas ectoderm originates from the animal pole of the blastoderm and mesoderm from a ring between the ectodermal and endodermal regions.
Endoderm cells migrate over the yolk syncytium during gastrulation [11] . Progeny of TARAM-A*-injected marginal cells formed a cluster in the early gastrula (Figure 2a Thus, the progeny of TARAM-A*-expressing cells adopted the fate of the most vegetal marginal cells, independently from the initial position of their precursor, suggesting that the formation of precursors for the different regions of the endoderm in vivo may stem from a common process. One possibility is that they belong to the same lineage. Gut endoderm originates from the ventral gastrula margin [10] , however, and is unlikely to share common progenitors with anterior endoderm. Alternatively, their position along the margin could bring them under the influence of common stimuli including TGF-β-related signals, particularly ligands for TARAM-A.
The similarity between the kinase domains of TARAM-A and the activin receptor ALK-4 suggests that they stimulate the same pathway [4] . Activin signalling has been proposed to induce and pattern mesoderm in amphibians through a threshold-based mechanism [13, 14] . Induction and patterning of endoderm might thus rely on a similar mechanism. Additional cues or cross-regulatory interactions might also be involved. Several secreted proteins are good candidates for participation in endoderm patterning [15] .
TARAM-A* expression rescued endoderm-formation defects in oep mutants
We tested the capacity of TARAM-A* to trigger endoderm formation in oep mutant embryos. Expression of TARAM-A* rescued the expression of pharyngeal endoderm markers Shh [10] (Figure 3a -c) and axl (data not shown) in 52 hour old oep embryos (91%, n = 33) as well as the differentiation of the hatching gland (see Supplementary material published with this paper on the internet). Analysis of the expression of axl (Figure 3f ) and the hatching-gland marker hgg1 (data not shown) showed that rescue of endodermal derivatives occurred as early as midgastrulation. Therefore oep mutant cells are competent to form endodermal derivatives. This suggests that oep is acting upstream or in a pathway parallel to the TARAM-A pathway for the formation of endoderm. Expression of TARAM-A* did not rescue anterior mesodermal derivatives like ocular motor muscles, or expression of the mesodermal marker hlx1 in the anterior mesoderm of late gastrulae (data not shown), suggesting that formation of anterior mesoderm and endoderm/hatching gland may involve different early pathways. The oep gene could be required downstream of, or parallel to, the TARAM-A* pathway in anterior mesoderm formation.
TARAM-A* expression rescued heart morphogenesis and eye patterning defects in oep mutants
We tested whether expression of TARAM-A* could rescue the heart and CNS defects observed in oep mutants. The heart results from the fusion of two lateral myocardial tubules controlled by pharyngeal endoderm [16] . Myocardial tubules fail to fuse in oep mutants, preventing the formation of a normal heart [6] . Injections of lacZ or TARAM-A RNA as controls never led to detectable heart rescue in oep embryos (n = 30). In contrast, two thirds (69%, n = 36) of TARAM-A* RNA-injected oep embryos had, at two days of development, a recognisable beating heart including an inner endothelium and two chambers (Figure 4a-c) , and that expressed the myocardial markers Brief Communication 785 The lineage tracer fluorescein-dextran was always found in the endoderm but never in the heart (Figure 4c, green) . In the absence of a hatching gland, the presence of pharyngeal endoderm was sufficient to restore a beating heart. Thus, the TARAM-A*-induced endoderm behaved like endogenous endoderm in its heart-organising activity.
Anterior mesoderm or endoderm has been proposed to pattern the forebrain by acting as a midline signalling centre that is able to split the eye field [17] . Each eye is patterned along the proximal-distal axis into an optic stalk, and ventral and dorsal retina [18] . Oep embryos have a cyclopic eye, lacking an optic stalk and composed of a single retina [5, 6] having a distal character that is recognised by the expression of the marker radar (rdr) [19] (Figure 4g,h) . Expression of TARAM-A*, but not TARAM-A, induced enlargement of the eye in the mutant embryos (84%, n = 50; Figure 4d -f). The rdr expression domain became restricted to the distal part of the enlarged retina (84%, n = 50; Figure 4i ), and markers for the optic stalk (such as Pax2; [20] ) were expressed in the median part of the eye (93%, n = 14; Figure 4j -l). These effects were not cell autonomous and correlated with the rescue of endoderm formation (data not shown). In contrast, ventral-midline CNS structures, which are also missing in 24 hour old oep embryos, were not restored (Figure 3a-c ; see also Supplementary material), suggesting that either anterior axial mesoderm is required for the formation of ventral CNS structures or that oep is required within the neural plate to specify midline tissue [5] . These results strongly suggest that endoderm may provide signals required for the patterning of the forebrain.
Activation of the TARAM-A pathway diverts zebrafish blastomeres to an endodermal fate and restores a functional endoderm in a zebrafish mutant that is unable to produce endoderm. TGF-β-related ligands can induce the expression of endoderm markers in Xenopus ectoderm explants; our results argue for their involvement in endoderm formation in vivo. TARAM-A expression encompasses the prospective region in which endodermal progenitors may be found at gastrulation, and could thus control endoderm formation in the embryo. The TARAM-A*-induced endoderm has properties expected of endogenous endoderm: it migrates over the yolk syncytium during gastrulation, has head-inducing properties and can rescue heart development in oep mutants. In addition, the patterning activity on the forebrain that we describe is reminiscent of the role of primitive endoderm during mouse gastrulation [21] . Altogether, this suggests that endoderm may have an extensive involvement in the patterning of the vertebrate embryo.
Supplementary material
Methodological detail and figures showing rescue of defects in oep mutants by TARAM-A* expression are published with this paper on the internet. 
Conversion of zebrafish blastomeres to an endodermal fate by TGF-b-related signalling

Materials and methods
General methods for in situ hybridisation [S1] immunohistochemistry, photoconversion and in situ detection of β-galactosidase activity have been published [S2] . Homozygous oep ICRF1 and oep Z1 embryos can be unambiguously recognised morphologically because of their curved body.
RNA was injected into one of the marginal blastomeres of the 16 cell stage embryo unless stated otherwise. Blastomeres injected with lacZ RNA alone (control) contributed to the various derivatives of the mesoderm including somites, notochord, ventral mesoderm and endoderm (pharynx, gut). The antero-posterior character of the contribution was linked to the position of the progeny at gastrulation, which happens at random. For instance, presence of descendants in the hatching gland and trunk notochord was only observed when the cluster was in a dorsal position at gastrulation (about 20% of the cases).
The hatching gland is part of the prechordal plate. Although prechordal plate is classically referred to as a hybrid 'mesendodermal' structure, we find that hatching gland cells migrate in direct contact with the yolk and therefore have an endodermal character.
The distal nature of the rdr labelling is inferred from studies describing the development of the eye anlage in fish. The fish eye anlage buds from the diencephalon and forms eye wings which fold and become parallel to the brain. Thus, the distal tip from each wing becomes 'posterior' [S3,S4] .
Supplementary material
Figure S1
Rescue of hatching gland cells in oep mutants by TARAM-A* injection. 
